Abstract: In this paper, a new step-up/step-down AC-AC converter is designed by
Introduction
An autotransformer is one of the most popular solutions to provide stepped-up or stepped-down voltages. Unlike a voltage transformer which has two isolated windings, the autotransformer has the usual magnetic core but only has one winding. However, like any transformer, the autotransformer is difficult to realize high power efficiency. Furthermore, due to the magnetic core and winding, the autotransformer is heavy and bulky. To overcome these problems, several types of AC-AC converters have been designed by using switched capacitor (SC) techniques [1] - [7] . As the SC AC-AC converters require no magnetic components, light weight and small converter size can be realized by the SC AC-AC converters.
As far as the authors know, the first SC AC-AC converter was suggested by Ueno et al. in 1993 [1] . By changing the connection of N (=2, 3, …) charge-transfer capacitors by N-phase clock pulses, Ueno's AC-AC converter offers a staircase AC waveform [1] . Following this study, Terada et al. [2] and Eguchi et al. [3] proposed a ring-type SC AC-AC converter in order to enhance the flexibility of conversion ratios. Being distinct from such purpose, a simple SC AC-AC converter was suggested by Lazzarin et al. [4] , [5] and Andersen et al. [6] . By controlling bidirectional switches by two-phase clock pulses, the conventional converters reported in [4] - [6] offer 1/2x stepped-up and 2x stepped-up voltages. Following this study, You et al. [7] expanded Lazzarin's AC-AC converter to realize the conversion ratio of 1/4. These SC AC-AC converters reported in [4] - [7] have simple converter topology though the conversion ratio is limited. However, there is still room for improvement in the converter topology of the conventional SC AC-AC converters. This paper proposes a new step-up/step-down AC-AC converter designed by using switched capacitor (SC) techniques. Unlike the conventional SC AC-AC converters reported in [4] - [7] , the proposed AC-AC converter has symmetrical converter topology. Owing to the symmetrical converter topology, the proposed AC-AC converter achieves not only fewer capacitors but also a smaller SC resistance than the conventional SC AC-AC converters. Therefore, the proposed AC-AC converter can improve power efficiency and input power factor from the conventional SC AC-AC converters. To confirm the validity of the proposed converter, simulation program with integrated circuit emphasis (SPICE) simulations and theoretical analysis are performed.
The rest of this paper is organized as follows. In section 2, the circuit configuration of the proposed AC-AC converter is presented. In section 3, the property of the proposed AC-AC converter is analyzed by assuming a four-terminal equivalent circuit. Simulation results are shown in Section 4. Finally, conclusion and future work are drawn in section 5. Figure 1 shows the conventional switched-capacitor (SC) AC-AC converter suggested by Andersen et al [6] . The converter topology of figure 1 is based on the SC DC-DC converter proposed by Hara et al [8] . As figure 1 shows, the conventional AC-AC converter consists of four transistor switches and three capacitors, where bidirectional switches S 1 and S 2 are driven by non-overlapped two phase clock pulses. By controlling these switches, the conventional converter realizes the following conversion ratios:
Circuit Configuration

Conventional AC-AC converter
Of course, as reported in [7] , the conventional converter can achieve the N (=2, 3, 4, …) x step-up and 1/N (=2, 3, 4, …) x step-down conversion. However, there is still room for improvement in the converter topology. Figure 2 shows the proposed SC AC-AC converter with one stage. The proposed AC-AC converter consists of eight bidirectional switches and two capacitors. By controlling bidirectional switches, the proposed converter realizes the following conversion ratios:
Proposed AC-AC converter
As figure 2 shows, the proposed converter has symmetrical converter topology. For this reason, unlike the conventional converter, the proposed AC-AC converter can achieve not only fewer capacitors but also a smaller SC resistance than the conventional SC AC-AC converters. Of course, by increasing the number of stages, the proposed AC-AC converter can enhance flexible conversion ratios. Figure 3 shows the proposed converter with three stages. The proposed converter of figure 3 can realize the following conversion ratios:
For example, the proposed converter offers a 1/4x stepped-down voltage when the input terminal is v in4 and the output terminal is v out1 . As (3) shows, the conversion ratio of figure 3 is the same as that of the conventional converter reported in [7] . 
Theoretical Analysis
As an example, the characteristics of the proposed AC-AC converter are analyzed in the conversion ratio of 1/4 theoretically. In the theoretical analysis, the AC input is assumed as a staircase AC waveform in order to estimate the maximum power efficiency and the maximum output voltage. For the staircase AC waveform, the proposed AC-AC converter behaves like a DC-DC converter. Therefore, we analyse the proposed AC-AC converter by using a four-terminal equivalent circuit shown in figure 4, because it is known that an SC DC-DC converter can be expressed by a K-matrix [9] . In figure 4 , R sc is called the SC resistance and m 1 denotes the conversion ratio of an ideal transformer. In the theoretical analysis, these parameters are derived by using instantaneous equivalent circuits. Figure 5 shows the instantaneous equivalent circuits of figure 3 in the conversion ratio of 1/4. In figure 5 , R on denotes the on-resistance of switches. In the steady state, the differential value of electric charges in C k (k=1, 2, …, 6) satisfies the following equation: 
where T is a period of the clock pulse and 
(6) On the other hand, in State-T 2 , the differential values of electric charges in the input and the output, Δq T2,vin and Δq T2,vout , are obtained as 
(7) Using (6) and (7), the average input current and the average output current can be expressed as 
In (8), Δq vin and Δq vout are electric charges in v in and v out , respectively. Substituting (4)- (7) into (8), we have the relation between the input current and the output current as follows:
From (9), the conversion ratio in figure 4 is obtained as m 1 =1/4.
Next, in order to derive the SC resistance R SC , the consumed energy in one period is discussed. From figure 5 , the consumed energy W T in one period can be expressed as 
Using (4)- (7), the consumed energy (10) 
Here, the consumed energy W T of the four-terminal equivalent circuit shown in figure 4 is obtained as
Therefore, from (11) and (12), we have the SC resistances as follows:
By combining (9) and (13) 
From (14), the maximum efficiency and the maximum output voltage can be derived as follows:
and
Of course, other conversion modes can be analyzed by the same method. Table 1 shows the comparison of the SC resistance between the proposed AC-AC converter and the conventional AC-AC converter. As Table 1 shows, the SC resistance of the proposed AC-AC converter is smaller than that of the conventional AC-AC converter. In other words, the proposed AC-AC converter can achieve higher power efficiency than the conventional AC-AC converter. 
Simulation
In SPICE simulations, the property of the proposed converter is compared with that of the conventional AC-AC converter reported in [7] . The SPICE simulations are performed under conditions that v in = 220V@50Hz, C 1 = … = C 6 = 33μF, C out = 1nF, R on = 0.83Ω, T = 10μs, and T 1 = T 2 = 5μs, where C out denotes the output capacitance of the AC-AC converter. Figure 6 shows the simulated no-load output voltage in the case of step-down conversion and figure 7 shows the simulated no-load output voltage in the case of step-up conversion. In figures 6 and 7, the I/O terminals of the proposed AC-AC converter shown in figure 3 were set to as shown in Table 2 . As figures 6 and 7 show, the proposed AC-AC converter can offer not only stepped-down voltages but also stepped-up voltages. Figure 8 shows the simulated root mean square (rms) voltage V rmp as a function of the output power. As figure 8 shows, the proposed AC-AC converter can provide a higher output voltage than the conventional converter. Figure 9 shows the simulated power efficiency as a function of the output power. As figure 9 shows, the power efficiency of the proposed AC-AC converter is higher than that of the conventional AC-AC converter. Concretely, in the case of the 1/4x step-down conversion, the proposed AC-AC converter can improve power efficiency more than 17% when the output power is 0.25kW. In a range from 0.01kW to 0.38kW, the proposed AC-AC converter can achieve more than 80% efficiency. On the other hand, in the case of the 4x step-up conversion, the proposed AC-AC converter can improve power efficiency more than 18% when the output power is 4kW. In a range from 1.35kW to 5.50kW, the proposed AC-AC converter can achieve more than 80% efficiency. Of course, the power efficiency of the proposed AC-AC converter depends on the on-resistance of bidirectional switches, clock frequency, capacity values, and so on. Figure 10 shows the input power factor as a function of the output power. As figure 10 shows, the input power factor of the proposed AC-AC converter is higher than that of the conventional AC-AC converter. Concretely, in the case of the 1/4x step-down conversion, the proposed AC-AC converter can improve power factor more than 0.51 when the output power is 0.25kW. The input power factor of the proposed AC-AC converter is more than 0.8 when the output power is higher than 0.25kW. On the other hand, in the case of the 4x step-down conversion, the proposed AC-AC converter can improve power factor more than 0.14 when the output power is 4kW. The input power factor of the proposed AC-AC converter is more than 0.8 when the output power is higher than 2.75kW. Step-up conversion.
Conclusion
A novel switched capacitor (SC) step-up/step-down AC-AC converter has been proposed in this paper. The simulation program with integrated circuit emphasis (SPICE) simulation showed the following results:
1. In the case of the 1/4x step-down conversion, the proposed AC-AC converter improved power efficiency more than 17% from the conventional AC-AC converter when the output power is 0.25kW. On the other hand, in the case of the 4x step-up conversion, the proposed AC-AC converter improved power efficiency more than 18% when the output power is 4kW. As these results show, the proposed AC-AC converter can achieve higher power efficiency than the conventional AC-AC converter.
2. In the case of the 1/4x step-down conversion, the proposed AC-AC converter improved input power factor more than 0.51 when the output power is 0.25kW. On the other hand, in the case of the 4x step-down conversion, the proposed AC-AC converter improved input power factor more than 0.14 when the output power is 4kW. As these results show, the proposed AC-AC converter can achieve higher power factor than the conventional AC-AC converter.
The experiment concerning the proposed AC-AC converter is left to a future study.
